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TIT.  EXPERIMENTAL  OBSERVATIONS  OF  EOL/vR  FLARES  AND  SUBFLAJ^ES 


A .  INTRODUCTION 

Figure  d  shows  a  map  of  the  United  States  and  the  area  around  Puerto 
Rico,  showing  location  of  the  transmitting  and  receiving  sites  which  will 
be  referred  t^  in  this  report.  One  of  the  transmitting  stations,  that  of 
the  National  Bureau  of  Standards,  is  located  near  Washington,  D.C.  The 
.iJO-Mc  transmission,  called  WWV-20,  was  monitored  at  the  University  of  Wash¬ 
ington  (UW),  Seattle,  Washington,  and  at  Stanford  University  (SU), 
Stanford,  California.  The  other  transmitting  station  is  located  at 
Mayaguez,  Puerto  Rico  (PR)  and  has  been  operated  by  the  University  of 
Puerto  Rico.  The  UIV  site  has  been  monitoring  the  1&-  and  10-Mc  trans¬ 
missions*  and  the  SU  site  has  been  monitoring  the  I6-,  r>,  and  10-Mc 
transmissions-^.  Station  WWV-20  is  off  the  air  for  h  min,  starting 
min  after  each  hr.  The  PR  transmissions  are  interrupted  every  2  min  for 
3  sec,  and  every  1'^  min  for  30  sec.  These  time  marks  appear  as  negative 
spikes  on  the  instantaneous- frequency  paper  records  and  can  also  be 
recognized  in  the  amplitude,  angle- of- arrival,  and  phase  records.  In 
addition,  the  transmitters  are  keyed  with  the  identification  letters  every 
half  hour. 

Ray  paths  between  the  transmitting  and  receiving  sites  are  also 
drawn  in  Fig.  2,  together  with  tlieir  "reflection"  points  for  1-,  2-, 
and  3 -hop  propagation  modes . 

The  instantaneous- frequency  records  have  a  full  scale  of  10  cps 
(2  cps/cm);  the  phase  records  have  a  Aill  scale  of  32n  electrical  rad¬ 
ians.  Tiie  angle-of-arrival  records  (with  a  few  exceptions,  which  are 
EC  ninrKed)  have  a  20-deg  full-scale  spatial  spread.  Amplitude  is  re¬ 
corded  with  many  sensitivities  (O.d’.v/cm  to  2  v/cm).  All  recorders  were 
run  at  a  speed  of  2.5  mm/min  (about  6  in. /hr),  except  the  phase  recorders 
which  were  run  at  1  mm/sec. 


The  exact  transmitted  frequencies  from  PR  are  I7.8825,  «• 

9.7675,  and  9.7575  Me. 
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ERRATA 

Page 

12  Fig.  3  tiiae  scale  should  read:  1700  1733  l800  I83O 

27  Fig.  1^;  Note  on  Channel  B  should  read:  CHANNEL  B:  RELATIVE  PHASES 

29  Line  5  should  read:  frequency-analyzed,  the  incoming  spectrum  is 

solit  on  the  record.  n 

B  ^ 

J*!  Eq.  (18)  should  read:  A(i>=  +  u^B-  / 

”  A 

(a)  (b) 

!f2  Right-hand  side  of  equation  should  read;  1  T  (o^/o))  |cos  0| 

^9  Last  entry  of  Table  2  should  read:  2530  End 


ABSTRACT 


During  the  occurrence  of  certain  solar  flares  and  subflarcs  (about 
25  percent  of  those  reported),  the  Instantaneous  frequency  of  a  highly 
stable,  c-w,  h-f  signal  transmitted  obliquely  through  the  <ono8phere  is 
momentarily  changed  by  a  few  cycles.  Ute  cliange  consists  of  on  Increase 
in  the  frequency,  followed  by  a  decrease  and  subsequently  a  gradual 
return  toward  the  original- received  frequency.  The  rapid  part  of  the 
frequency  variation  lasts  only  a  few  alnutes  (usually  less  than  5)* 

In  addition,  the  frequency  ctonge  varies  inversely  with  the  operating 
frequency.  Patlis  separated  by  many  hundreds  of  kllooeters  are  simul¬ 
taneously  affected.  It  is  of  interest  tiuit  these  pronounced  frequency 
shifts  invariably  occur  prior  to  the  loss  of  signal  characteristic  of  a 
short-wave  fadeout,  and  hence  could  conceivably  be  used  to  warn  of  im¬ 
pending  signal  loss  in  ircdei'n  h-f  coaounication  systems  affording  con¬ 
tinuous  feedback  of  propagation  conditions  over  the  path.  In  certain 
cases,  however,  the  flare- induced  frequency  shift  is  not  followed  by 
a  fadeout. 

The  azimuthal  angle  of  arrival  of  the  sEuse  signals  that  suffer 
frequency  changes  during  solar  flares  and  subflares  also  deviates  in 
about  one-third  of  the  cases  The  fact  that  an  h-f  wave  suffers  bear¬ 
ing  deviations  signifies  that  ionization  is  able  to  bend  it.  Electron- 
density  gradients  are  probably  produced  from  the  solar- flare- induced 
ionization,  especially  at  times  when  the  sun's  energy  falls  at  a 
grazing  angle  on  the  path  The  angle  usually  deviates  to  the  south 
of  the  great-circle  path  in  the  case  of  the  Puerto  Rico  -  Palo  Alto 
(PR  -  SU)  path  during  the  season  at  which  these  measurements  were  made. 

These  observations  of  instantaneous  frequency  and  angle-of- arrival 
changes  during  solar  flares  suggest  that  new  ionization  is  introduced 
initially  somewhere  just  above  the  E  region — very  probably  in  the  height 
region  120  to  ll^0  km,  although  even  higher  heights  are  possible.  This 
initial  ionization  may  or  may  not  be  followed  by  the  generation  of 
ionization  in  the  absorbing  D  region. 

The  time  variation  of  height  at  which  solar- flare- induced  ioniza¬ 
tion  is  released,  suggests  that  the  ionization-producing  radiant  energy 
is  initially  soft,  and  then  "hardens"  as  the  flare  progresses. 
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I •  nrmODUCTION  AND  HISTORICAL  REVIEW 


Since  the  early  days  of  h-f  radio  propagation,  students  of  the  ionos¬ 
phere  have  been  confronted  with  Use  influence  of  the  sun  upon  it.  The 
sudden  occurrence  of  fading  or  disappeaj-once  -  the  so-called  Short-ttove 
.-adeout  (SVfF)  -  of  h-f  signals  obliquely  transoitted  through  the  iono¬ 
sphere  was  first  noticed  by  Mogel  (Ref.  l]  in  1950.  Uter,  Dellinger 
[Ref  2]  was  the  first  to  associate  these  Sudden  Ionospheric  Distur¬ 
bances  (SID's)  with  the  sirsultancous  eruptions  (solar  flares)  taking 
place  in  the  sun.  Thus,  the  so-called  J-fogel- Dellinger  effect  becaae  an 
object  of  intense  study  by  t.he  nany  workers  in  ti^e  h-f  ionospheric 
propagation  field.  Table  1  presents  a  condensed  history  of  the  obser- 


vowio.ns  of  the  effects  of  solar  flares  on  the  upper  ateosphere  by  the 
.Tiain  workers  in  the  field 

The  various  workers  used  dif.<*erent  methods  a.nd  equipment  for  mea¬ 
suring  the  c.nanges  in  the  ionospheric  parareters  that  could  be  affected 


by  the  changes  brought  about  by  solar  flares.  The  interpretations  a.nd 
conclusions  reached  from  experimental  observations  of  the  ionosphere 
were  often  limited  by  the  scope  of  the  experiments.  Many  workers  held 
completely  opposite  views  end  reached  contradictory  conclusions  as  to 
what  really  happened  in  the  ionosphere  during  solar  flares,  ftertyn, 
Hunro,  itiggs  and  Williams  [Ref  3],  for  example,  by  studying  certain 
anomalies  appearing  on  vertical- incidence  ionograms  during  solar  flares, 
no^,iced  that  the  virtual  height  of  the  ionospheric,  F- region  reflection 
point  rose  following  a  solar  flare.  They  attributed  this  to  an  actual 
upward  movement  of  the  F  layers  and  a  decrease  of  the  electron  density 
Oi  these  layers,  often  somewhat  before  absorption  effects  appeared 


near  the  reflecting  point. 


The  above  observations  were  contrary  to  the  earlier  statements  by 
Dellinger  [Ref.  14],  McNish  [Ref,  5],  and  others  [Refs.  6,7,8,9,10],  who 
had  postulated  that  most  of  the  effects  are  concentrated  in  the  D  region 
(below  90  km).  In  I938,  Burkard  [Ref.  11 ],  by  studying  the  ionosphere 
with  signals  of  30  Me,  concluded  that  the  ionization  increase  was  en¬ 
tirely  in  the  E  region.  An  interesting  experimental  result  was  reported 
by  Naismith  and  Beynon  [Ref.  12].  By  studying  the  vertical  reflections 
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Stated  ikef*  If  a;  e*:dea(e  «l  ao  lacraaar  io  te* 
canbioa'iro  :.-c(ftrivo;  dariog  aa  SI0< 

Btptrted  l■f»g•.^o  tioiia'ua  lacrtaaea  dariag  tttcag 
aria?  flare*.  r*,aTef  a.;***  d)aa. 

Okaer'ed  ekcf,  pet:«d  lAcreaeea  la  la  a'.aa  taaama 
f feqoea ; < . 

Cetreia’.ed  tfce.e  tki  : ‘per  lod  frequrac)  ebaagef  attb 
tolar  flara*. 

Neperted  (reqseace  latrratea  dariag  a  atroag  tolar 
flarr.  F*r«g;<a  S'  gcoi  up,  F*layrr  ac»ea  doaa. 

Stated  '.bat  freqatacy  chaagea  la  bacbacatter  duriag 
a  flare  do  ait  fa-cr  a  doaaaard  aovktg  layer. 


S-iaber  in  pa;eni.Se*et  correaponda  to  appropriate  reference  at  g: -en  on  pagea  55.  56.  57. 
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of  h-f  gigi'.als  from  the  F  region  without  getting  reflections  from  the 
E  region,  they  noticed  echoes  suddenly  appearing  from  a  height  of  125  taa. 
These  echoes  lasted  a  few  minutes  at  the  end  of  which  the  F-layer  echoes 
were  seen  again  in  their  nontal  place.  A  solar  flare  of  iaportance  1 
took  place  during  this  short  Interval.  The  behavior  of  t!ie  Ionosphere 
duj'ing  this  flare  was  the  some  as  t5uit  which  will  be  reported  later  In 
this  paper.  Beckman,  Mensel,  and  Vllblg  filer.  I3]  In  the  same  jear 
(I93S)  published  a  paper  Eainialning  the  D- region  effects  are  Inadequate 
to  explain  what  happens  in  the  ionosphere  during  solar  flares.  Tney 
thoirght  the  E  and  F  regions  were  affected  as  well.  Bracewell  and  Starker 
(Bef  ll]  studied  exte.nslvely  the  Sudden  Pitase  Anosalles  (S.'^A)  produced 
or.  vlf  transmissions  (I6  kc)  during  solar  flares.  They  concluded  that 
the  D- region  ionization  is  increased  during  solar  flares.  However, 
in  8  out  of  12  eases  reported  in  this  paper  the  SPA'S  came  after  the 
times  of  the  visible  rtaxica  of  the  flares.  Beckner  and  Dleninger 
(p.cf.  15]  in  1950»  and  Mi.nnis  and  Bazzard  in  19?8  [Ref.  I6],  reported 
that  during  a  very  stro-.^,  solar  flare  timt  was  accompanied  by  cosmic 
rays,  the  F- region  ionization  increased  appreciably  and  the  F  layer 
moved  downward  Bibl  (.Ref.  17]  reported  in  1951  that  increases  in  the 
E-.’"egion  critical  frequency  of  more  than  0  2  Me  were  taking  place  during 
SID's.  In  the  same  year  Findlay  (Ref.  iS],  by  studying  the  changes  of 
the  phase  and  group  paths  of  2-Mo  signals  during  SID's,  concluded  that 
the  maximum  ionization  during  fadeouts  is  produced  at  a  height  cf  101 
■*  2  h,m.  Elli-son  (Ref  19J  published  a  paper  in  1953  in  which  he  re¬ 
ported  that  the  Sudden  Enhancements  of  Atmospherics  (SEA's)  invariably 
lag  the  time  of  the  maxima  of  solar  flares  by  2  to  10  min. 

It  IS  evident  from  this  brief  review  that  no  agreement  has  been 
reached  as  to  where  the  maximum  ionization  is  usually  first  produced. 

Coming  now  to  the  group  of  references  that  more  closely  relates  to 
our  work,  we  notice  that  short-period  increases  followed  by  decreases  in 
the  instantaneous- received  frequency  of  highly  stable  h-f  waves  were 
first  observed  by  Fenwick  and  Villard  [Ref.  20 ]  in  I96O.  They  specu¬ 
lated  that  these  rather  sudden  changes  in  the  instantaneous- received 
frequency  might  be  due  to  rapidly  downward-moving  F-region  irregulari¬ 
ties.  Later  in  the  same  year  Chan,  Villard,  and  DueKo  [Ref.  21 ]  associated 
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■  r.c-ee  shori- period  eSianges  In  the  instantaneous  frequency  with  solar 
flares  occurring  siKultaneougly  with  the  changes.  Slrailar  effects 
have  been  published  oore  recently  by  Kr4echt  and  Davies  [Ref.  22} j 
•h.ey  found  an  F- region  increase  in  ion  density  and  speculated  that  the 
cjuinge  in  ih.e  Instantaneous  frequency  could  be  due  to  a  downward  isove- 
nenv  of  ih.e  F- region  layer  during  a  strong  solar  flare.  However,  close 
.-xaninaticn  of  tiie  effect  of  solar  flares  on  the  instantaneous-received 
frequc-r.ey  of  h,-f  waves  obliquely  propagated  througJi  the  ionosphere  over 

paths,  has  brought  to  light  certain  evidence  which  strongly  sug- 
jrsts  that  the  ionosphere  is  affected  above  the  F  region  first,  and 
•hat  ti.e  D  regivn  nay  or  cay  not  be  affected  later. 

During  '^he  occurrence  of  certain  solar  flares  and  subflares  the 
i:.i. -an'i.aneous  :”!*eq*;ency  of  highly  stable  c-w  h-f  signals  trajismitted 
viUcuely  through,  the  ionosphere  is  Kiocentarlly  c.honged  by  a  few  cycles. 
T.-.f  :;.a;.ge  usiutlly  consists  of  an  increase  in  the  frequency,  followed 
'i  y  n  dec  .‘•ease  and  subsequently  a  gradual  return  toward  the  original- 
rc  ■  V i ved  f requency . 

The  rapid  part  of  the  frequency  variation  lasts  only  a  few  minutes 
(  .s.ally  Ic.-js  than  5).  In  addition,  the  frequency  changes  vary  Inversely 
v:*.;.  the  operating  frequency.  Thus,  a  downward- coving  layer  must  be 
excluded  since  it  would  rAve  produced  changes  that  vary  directly  with 
■-he  operating  frequency  (dcppler  effect).  Paths  separated  by  many  hun¬ 
dreds  of  kilometers  are  simultaneou.sly  affected.  These  pro.nounced  fre¬ 
quency  shifts  invariably  occur  prior  to  the  loss  of  signal  characteris¬ 
tic  of  a  short-wave  fadeout.  (On  some  occasions,  an  Increase  in  the 
.'•.Lgnal  is  ob.corved.)  In  certain  cases,  however,  the  flare- Induced 
frequency  .shift  is  not  followed  by  a  fadeout.  Moreover,  the  frequency 
■'hanges  lead  the  times  of  the  maximum  phase  of  the  solar  flare  by  1  to 
i.  min  Finally,  the  azimuthal  angle  of  arrival  of  the  sairie  signals 
that  suffer  frequency  changes  during  solar  flares  and  subflares  is  also 
changed  in  a  few  instances. 

It  is  the  intention  of  this  report  to  show  that  solar  flares  often 
produce  ionization  in  the  ionosphere  above  the  E  level  first,  and  then 
may  or  may  not  produce  ionization  in  the  absorbing  D  region  at  a  later 
time.  Most  articles  about  SID's  postulate  changes  no  higher  than  the 
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D  and  E  regions.  Only  during  the  very  intense  solar  flares (tJiose  ac¬ 
companied  by  cosale  rays)  is  there  thought  to  be  any  change  in  the 
F  region. 

Chapter  II  discusses  briefly  the  experinental  setups  used  in  oeas- 
uring  the  results,  Cliapter  III  gives  laany  exoaples  of  experimental  re¬ 
sults  of  solar- flare- induced  ionization  effects  on  h-f  signal  character¬ 
istics,  and  Chapter  IV  considers  a  simple  theoretical  model  to  explain 
and  Justify  the  experioe.ntal  evidence. 
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II-  EQUIPMEOT  FOR  EXP£BI^EI^^AL  ^^EASUREKSNTS 


Detailed  experiaentjtl  setups  for  neasurlng  instantaneous  frequency 
and  angle  of  arrival  Slave  previously  been  reported  [Refs.  20,2l,23,2lil. 
Til  is  setSvod  of  measuring  tSie  Instantaneous  frequency  has  been  pioneered 
by  iSie  Ii'atioaal  Bui'eau  of  Standards  [Ref.  23).  In  brief,  the  frequency 
deviations  vei^e  derived  by  eenparing  tSie  locally  generated  standard 
frequency  vitji  U.e  fj-equency  of  tSie  transaitted  signals.  Standard- 
frequency  sources  at  both  l•eceivi.ng  and  transaittlng  sites  were  Rohde 
and  Schvara  XSA  standards,  rated  at  1  part  in  10^  eaxiaun  dally  frequency 
drift  and  1  part  in  10  sutxitsua  hourly  fj-equency  drift. 

Ti  e  receiving  standards  were  offset  fros:  the  transaittlng  standard 
by  about  >  cps.  The  resulting  beat  subaudio  lYequency  was  fed  through 
a  Ijw-jfflss  filter  designed  to  cliainote  hua  end  interference  and  into  the 
recording  apparatus.  Recording  was  aecoapllshed  by  feeding  the  amplified 
boat  frequency  into  a  frequency  aeter  (HP-5'0^)B)  whose  output  was  recorded 
by  (1)  a  Sanborn  paper- tope  recorder  running  at  a  speed  of  2.5  nsa/mln 
on  a  routine  basis,  2b  hours  a  days,  with  a  llrse  constant  of  5  sec; 
and  (2)  a  direct- recording,  Webcor  magaetlc-tape  recorder  modified  to 
run  at  approxicately  I/50  in. /sec.  The  Sanborn  recorder  displays  the 
beat  frequency  resulting  from  the  strongest  received  signal  component, 
while  the  Vfebcor  records  the  entire  received  subaudio  fading  spectrum. 

When  played  at  15  in  /sec,  the  tape  recording  gives  a  signal  whose  fre¬ 
quency  falls  within  the  input- acceptance  frequency  band  of  a  Kay  "Sona- 
Graph"  or  a  Raytheon  "Rayspan"  a-f  analyzer. 

The  angle  of  arrival  of  the  same  highly  stable,  c-w  h-f  signals  is 
determined  by  a  phase-comparison  method.  The  phases  of  two  identical 
Yagi  antennas,  transversely  spaced  to  the  true  PR  bearing  3  X  apart, 
are  compared  with  an  Applied  Technology  Phase  Tracking  Interferometer 
(Pl’l-l)  or  a  phase-comparison  direction-finder  consisting  of  a  siaraesed 
SP6oO  receiver  pair.  The  phase- information  output  of  the  PTI-1  is  re¬ 
corded  on  a  Sanborn  recorder  running  at  2.5  ram/min,  whereas  that  of  the 
phase  meter  is  recorded  on  an  Esterline  Angus  ink-chart  recorder  running 
at  6  in. /hr .  The  effective  time  constants  of  the  recorders  were  b  and 
10  sec,  respectively. 
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FIG  1.  F.XPF.R1MKNTAI.  SKTUP  FOR  MKASIIIUNG  AH.SOl.tJTK  PIIASK  AND  AMPl.lTUDK  OP  h  f  SICNAI-S. 


7:‘.e  near*iu-es»5U6  of  the  phase  an4  amplitude  were  tsade  with  an  ex- 
pcrizenial  setup  showj)  in  Fig.  1.  T5se  pJuise  of  incoaing  transmitted 
stable  signal  has  been  compared  with  tiiat  derived  froa  a  locally  gen¬ 
erated  signal  of  the  same  stability  (1  paj't  in  10^  per  day).  Tlte  coa- 
pnrison  is  accomplished  in  an  Acton  Model  52®  AD  phase  aeter.  The  out¬ 
put  of  the  pitase  aeter  is  integrated  and  fed  into  a  Sanborn  paper  re¬ 
corder  which  runs  at  1  aa/sec.  The  full-scale  reading  la  32r  electri¬ 
cal  radians  or  l6  cycles  (wavelengths)  Tne  inccaing  signal  is,  in 
addition,  envelope-detected  and  fed  into  another  citannel  of  the  saoe 
Sanborn  recorder.  The  detected  output  is  proportional  to  tSte  logaritius 
of  the  aaplltude  of  the  Inccaing  signal.  The  effective  integration  tice 
constants  for  both  pitase  and  amplitude  are  0.05  sec.  (Tne  AGC  tlae  con¬ 
stants  of  the  75  S-1  receivers  were  set  at  3  sec.) 


III.  EXI^IMENTAL  OBSERVATIONS  OF  SOLAR  FLARES  AND  SUBFLARES 


A.  IHIRODUCTION 

Figure  2  shows  a  map  of  the  United  States  and  the  area  around  Puerto 
Rico,  showing  location  of  the  transaitting  and  receiving  sites  which  will 
be  referred  to  in  this  report  One  of  the  transmitting  stations,  that  of 
ih.e  h’ational  Bureau  of  Standards,  is  located  near  Washington,  D.C.  The 
20-Me  transmission,  called  UWV-20,  was  monitored  at  the  University  of  Wash' 
Ingion  (UW),  Seattle,  Washington,  and  at  Stanford  University  (SU), 
S'-ar.ford,  California.  The  otiwr  transmitting  station  is  located  at 
wjtyagufs,  P.terio  Rico  (PR)  and  has  been  operated  by  tJje  University  of 
Ptcrio  Rico.  The  UW  site  has  been  ssonitoring  the  l8-  and  10-f*?c  trans¬ 
missions*  and  the  SU  site  has  been  monitoring  the  I8-,  15-,  and  10-Mc 
■.ra.nsmiEslons*.  Station  WWV-20  is  off  the  air  for  b  min,  starting 
min  after  each  h.r.  The  PR  transmissions  are  Interrupted  every  2  min  for 
3  sea,  and  every  15  min  for  30  sec.  These  time  marks  appear  as  negative 
spikes  on  the  instantaneous-freque.ncy  paper  records  and  can  also  be 
recognized  in  the  a.'nplitude,  angle-of-arrlvol,  and  phase  records.  In 
addition,  the  transmitters  are  keyed  with  the  identification  letters  every 
half  hour. 

Bay  paths  between  the  tra.nsmitting  and  receiving  sites  are  also 
drawn  in  Fig.  2,  together  with  their  "reflection"  points  for  1-,  2-, 
and  3* hop  propagation  modes. 

The  instantaneous- frequency  records  have  a  full  scale  of  10  cps 
(2  cps/cm);  the  phase  records  have  a  full  scale  of  32n  electrical  rad¬ 
ians  The  angle-of-arrival  records  (with  a  few  exceptions,  which  are 
so  marked)  have  a  20-deg  full-scale  spatial  spread.  Amplitude  is  re¬ 
corded  witn  many  sensitivities  (0.2  v/cm  to  2  v/cm).  All  recorders  were 
run  at  a  speed  of  2.5  mm/rnin  (about  6  in. /hr),  except  the  phase  recorders 
which  were  run  at  1  mm/sec- 


The  exact  transmitted  frequencies  from  PR  are  17.8825,  15 .1025, 
9.7675,  and  9-7575  Me. 
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GIIKAT-CIHCl.K  PATHS  JOINING  TIIANSMI TTING  AND  ItnCKIVINC  SITES. 


B.  OBSERVED  EFFEn'S 


T>w  following  f!gurej5  ehow  oany  exaaples  of  the  solar- flare- induced 
ef feels  in  the  instantaneous  frequency,  absoluic  phase,  angle  of  arrival, 
and  actpliiude  of  h-f  waves. 


I-  Frequency  CStattges  with  Ka  Absorption.  Figure  3  shows  the  effect 
of  live  solar  subflare  30  of  IJj  August  1961  on  the  «WV-20,  FR-I8,  and 
{"B-ID  iransmissloas  as  tsoniiored  at  the  SU  site.  liotice  IS«?  tnereases 
li.e  j-eceivei  frequency  for  each  case  at  about  1731  to  UfP*.  Tnls 
■  ;r;v  corresponds  to  live  reported  (E«ef.  35]  solar  suhflare  naxisua  phase 


i;;,.  ejiange  varies  inversely  with  tJie  operating 

; :vq..-;. .Y  lioticc  also  that  during  this  tice  interval  (and  also  sub- 
ivquently)  tiw  aeplitude  of  the  IVi-io  signal  (that  of  the  lowest  of  the 
t:.‘‘'H  f:>'que:’i  •  iC'S  rveorded)  s!vaw«,*d  no  observable  absorption  (T.he  sen- 
;  St :v;ty  uS"  ■  ;,c  as,plitude  recording  of  the  FFI-l  is  about  3  to  *•  db/cjt.) 
.:.v  reiativu  direction  of  liie  Iv-Mc  wave  during  the  tiite  of  th.e  frequency 
c.hfinge  was  ff*or,e:ti!irily  shifted  south  of  the  great-circle  plane  Joining 


■  ruunsai tier  euri  receiver  Subsequently,  the  l^-Kc  wave  was  deviating 
toward  the  north  while  its  frequency  was  increasing. 


2-  ■■rcque.ar.y  Change  Followed  by  Slight  Absorption.  Figure  b  stows 
the  effect  of  the  solar  flare  of  icjportaricc  1  of  15  August  I961  on  the 
.‘5a.T.c  signals  over  the  saw  paths  of  Fig  3.  liotice  Uiat  the  frequency 
'.•'.ar.ge.s  a'  atout  19^7"  The  .'naximusi  of  tiie  frequer.cy  change  occurs  2  xin 
lo  ti.e  ti!r,f  [hef.  26]  of  visual  phase  xaxi.xuT.  of  the  solar  flare. 
There  is  no  cha.-.ge  in  the  angle  of  arrival  of  the  15-Mc  .«:ig.tal.  Partial 
ub.'tcrptlon  corrjTionccs  at  about  2  tnir.  after  the  rui:<lR.u;n  of  the  frequency 
■i’.ar.ge,  and  is  about  6  db  below  the  signal  level  at  the  time  o-f  the  .Taxi- 
mu’:  froqu’-un'jy  change.  The  signal  attai.ns  tiii.s  value  b  min  after  tiie 
maximum  frequeir^y  change 


3 •  Phase  and  Amplitude  Rapid-Run  Recordings  of  Solar- Induced  Changes 
Figures  5a  and  5b  .show  the  details  of  the  subflare  and  flare  effects  on 
t.he  Ib-Mc-signal  amplitude  and  phase  discussed  in  Figs.  3  and  b.  In 
these  figures,  the  slope  of  the  phase  is  proportional  to  frequency 


* 

Times  throughout  this  report  are  given  in  Greenwich  Mean  Time  (GMT). 
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(i.e.,  u)  d0/clt).  In  both  cases,  the  slope  increases,  reaches  a  maxi- 
k3uk:,  and  t!ien  decreases.  Subsequently,  the  slope  passes  through  zero  and 
I inally  becomes  negative  only  to  return  to  the  normal  (presolar)  slope 
.many  ralnules  later.  TJiis  elapse  os'  time  In  returning  to  .aormoJL  Is  charoc- 
'.erisiic  of  an  F- region  rev-overy  time  constant  The  I'ading  rate  of  the 
during  the  maxlisuja  phase  change  increased  to  twice  the  preflare 
value  ij;  both  oases,  whereas  the  signal  n.-splltude  barely  changed.  In 
addition,  the  subflare  (Fig.  5a)  produced  more  phase  change  than  the 
flare  of  i.mporta.nce  1  (Fig  5b). 


.t-Yeguency  Changes  Followed  by  Severe  Absorption.  Figure  6 
depicts  liio  effect  of  the  solar  flare  of  importance  1  of  3  September 
1  Xil  on  ih.e  frequency  of  the  VWV-20  and  PR-lS  signals,  a,nd  on  the  angle 
of  arrival  and  amplitude  of  t.He  PK-15  transmissions  The  maximu.Ti  fre¬ 
quency  change  in  this  case  ocevirred  at  20^6,  5  min  before  the  maximum 
p.uase  o!  ti;c  flare.  This  was  followed,  however,  by  a  second  isaxlmuia  at 
20-S  It  is  cnaracter Istic  tiiai  in  this  ease,  unlike  that  of  August  15, 
rather  severe  absorption  of  the  h-f  signal  was  observed.  As  in  the 
prcviou.s  case,  however,  the  fEaximum  ab-sorption  was  reached  after  the 
ffaximira  frequency  change  had  taker,  place.  There  Is  a  slight  angle-of- 
arrival  cnange  during  the  time  of  » he  maximuja  frequency  change  for  this 


'asc.  The  angle  shifts  momentarily  toward 
1‘  -M'  wave  sub.sequer.tly  deviates  southward 
(ri  tually  daring  the  negative  phase)  fay  2 


the  south  of  the  path.  The 
right  after  the  solar  flare 
deg 


5  Tvo-i!our  Period  During  i/hich  Every  Solar  Flare  and  Subflare 
Produced  Cha.nges .  Figure  (  shows  the  frequency  changes,  angle-of-arrival 
variation,  and  ab-sorption  produced  by  a  series  of  solar  subflares  and 
flares  occurring  in  a  2-hr  period  on  •’*  September  1961  The  less  pro¬ 
nounced  effects  are  emphasized  with  arrows  Only  the  solar  flare  of 
importance  2  produced  substantial,  measurable  absorption  which, 
^•haracteristically,  commenced  1  min  after  the  time  of  the  maximum  fre¬ 
quency  excursion  All  frequency  variations  are  larger  on  the  PR-SU 
18-Mc  than  on  the  V/WV-SU  20-Mc  signal.  During  the  time  interval  of 
the  maximum  frequency  change  at  about  1915,  the  15-Mc  angle-of-arrival 
signal  deviated  about  I.5  deg  to  the  south  for  a  period  of  2  min,  or  so. 
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KVKIIV  IIII’OIITKI)  ll.Alir:  AM)  StlMFl.AlU;  I’ltODUCEl)  CHANGES. 


DUItlNG  Hill  CM 


Other  I'lnres  a.nd  subflnrea  cf  U-cis  inportajiee  pi-odueed  an  increase  in 
the  rate  and  amplitude  of  the  ant'le-of -arrival  scintillations.  Figure  7 
sisows  tS,at  c.n  particular  days  wj;t*n  spe-ifie  sunspot  regions  are  active 
c-.ery  flare  and  subflare  produces  frequency  variations  on  the  h-f  sig- 
:  als  In  geneml,  however,  only  a  snail  percentage  (15  to  20  percent) 
of  solar  flaivs  and  a  larger  percentage  (35  to  JO  percent)  of  subflarec 
reported  (Hefs  25.26],  produced  fit-quency  variations 

f  .  iWQ  iislar  FlaiX'S:  The  Lt-ss  lapwrtnr.t  One  Followed  by  ttore 
i;fYo:v  Absorption  The  effect  s  and  rh-l5  signals  by 
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7 .  ivo  Solar  Flarea  of  Iispcrtttnt-e  I  Inducing  n’idespread  Chongec. 
Figure  9  sho'ws  another  cxasiple  of  'wo  solar  flares  of  13  August  196I 

Df  repotaeily  equal  inpor'-ar.ce  (i),  preduc ir.g  ocstplctcly  differen'^- 
re.cult2  The  first  proci‘u-ed  .n^ti'entie  rreq-,.e:..y  change.';  and  substantial 
absorpticr.  (alr;0.st  s  irrcultar.eo'.r  l.v  v‘»:,  th.c  •  is-.'-  interval  of  frequency 
hange  tun';:  angie-of-arrival  dovlat  lu.n.-  'u  ‘  iic  south).  The  second  pro- 
hi'-ed  no  readily  .noti'^eable  changes  in  frequen.'y  and  almost  no  absorption 
An  angle-of-arrival  deviation  to  ’he  .-.outh  about  o  min  prior  to  the  maxi- 
muin  phase  of  the  second  flare  is  .noticed  on  the  T'j-M''  signal  (see  arrow 
on  the  15-Mc  angle-of-arrival  -ha.nnel)  Thus,  it  Is  evident  that  even 

though  the  visual  observation  of  two  flares  .seems  Identical,  their  ultra¬ 
violet  and  Z-ray  energy  release"  "ould  be  different  as  indicated  by 
their  substantially  different  effects  on  the  ionosphere  that  affects  h-f 
waves  passing  through  it. 

8.  Solar  Flare  Inducing  Frequency  Changes  but  no  Absorption. 

Fig'ore  10  shows  another  effect  of  a  solar  flare  on  29  July  I96I  that  pro¬ 
duced  frequency  changes  but  no  absorption.  The  intensification  of  the 
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bearing  scintillatlone  on  tlie  15-Me  signal  following  the  solar  flare  is 
evident  in  this  case,  but  angle -of- arrival  deviations  ore  not  produced. 
Sfoiice  again  that  the  frequency  variations  vary  inversely  with  the 
operating  frequency 


9‘  Signal  Enhanceacnt  During  the  Solar- Fla I’t?  F^txlwua  Phase. 
Figiii-e  11  is  an  exa'sple  of  tite  .appearosice  of  a  sigsial  which  hod  been 
ncrsally  absent  because  of  dayiiae  absorption,  h’otice  that  the  lO-Mc 
sig.nal  (FR-UW),  weak  because  cf  ncts-nal  daytiot-  absorption,  case  in 
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er.:.a;'.cG.r.cr.t  .-athor  than  on  at  ten. .a  Men  of  the  aapliiude  of  li.e  1^-Mc 
signal  following  the  solar  flare. 


11  SiTiultaneous  Absolute  ;u.3.’~e  ai-j  A.T.plitu(!e  Rapid-Run  Records 
o.^  Solar- Induced  Changes  Figure  I3  shows  .sir.ullar.eous  piuise  and  aap- 
1 !  tude  rapid-run  recordi.ngs  of  tlie  5*B-l8  and  Fi^-15  iransr.issions  received 
at  SU  on  28  .Scptenioer  I98I  Tl.is  exactplc  is  or.e  which,  shows  sor.e  of  the 
most  severe  effects  on  the  amplitude  and  p.hasc  of  h-f  signals  recorded 
during  the  2-iriontii  recording  period,  tierauso  of  its  detailed  and  pro¬ 
longed  occurrence,  this  effect  will  be  analyzed  more  .fully  later  (see 
Chapter  IV).  Suffice  it  to  say  that  t.hc  .net  phase  changes  for  the  iS- 
and  15-Mc  signals  were  1200  and  luOO  cycles,  respectively,  over  the  back¬ 
ground  presolar  value  and  that  no  amplitude  reduction  was  set  in  dur¬ 
ing  the  positive  phase  of  the  solar  flare  (while  the  phase  was  increas¬ 
ing  with  time).  The  absorption  .started  to  set  in  just  prior  to  the  time 
of  the  maximum  phase  change.  .It  is  also  emphasized  here  that  the  phase 
change  is  very  close  to  l/f  (^^qq  =  ’  Also,  the  recovery  of  the 

flare- induced  phase  change  lasted  many  minutes  beyond  the  recovery  of  the 
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signal  due  to  absorption,  thus  indicating  t5«»t  the  ioaiMtion  changes 
tj.at  produce  tr.e  absorption  and  frequency  changes  ore  of  different 
origin  and  at  different  levels. 

As  a  final  cos:;cnt  concerning  the  effect  of  th.e  solar  flare  shovn 
in  Fig.  13,  observe  th.at  for  both  fi-eque.nc les  the  Kaxlcsua  piiase  is 
{■caciiCd  at  the  saae  tic©  to  vitnin  +  0.^  sec.  The  tic©  coincidence  in' 
dicates  th.at  both,  the  1>  and  Ib-Me  wave  transoissions  were  affected 
simultaneously.  Since  each  o.ne  is  refracted  at  a  different  height  of 
the  ionosph.ere,  th.ere  could  .not  be  a  layer  coving  down  because  of  the 
simultaneity.  Since  the.»*e  was  no  absorption,  the  ionisation  needed  to 
tuvange  the  phase  could  not  be  in  the  lower  ionospheric  layers  (i.e., 


D  or  '£).  TiiUS,  most  ionisation  changes  must  have  token  place  in 
narrowband  between  the  E  and  F  layers.  Tnis  layer  will  be  s.nown 
Swciowhcre  between  120  and  IcO  k.m  in  height  (see  Chapter  IV). 


a 

to  lie 


12.  Absolute  .^iutse  a.nd  toplitude  Rapid-Fun  Records  Depicting  Solar- 
Flare  ana  Subflarc-Induced  Effects.  All  solar  flares  do  not  produce 
severe,  alsiiost  spectacular  results  such  as  those  sr^own  in  Fig-  13.  Of'® 
sometiffjes  has  to  hunt  through  the  records  with  previous  knowledge  of 
solar- flare  events  to  fLnd  any  effects  (see,  for  example,  Figs,  lb  and  15). 
notice  the  increase  in  the  fading  rate  of  the  amplitude  during  the  phase 
changes  at  about  I607,  1621,  I8I9,  a.-'d  l32b  to  I836  of  Fig.  lb  (arrows). 

The  pi'iace  changes  during  the  maxiSAan  phases  of  the  subflares  at  about 
1612,  1625,  and  2007  are  also  evident  in  Fig.  15. 


C.  SPECTRUI-!  /uWiLYSIS  OF  SiiORT- PERIOD  FREQUENCY  FLUCTUATIOHS 

Ac  shown  in  the  previous  examples,  particularly  in  Figs.  9  and  12, 
the  solar- flare- induced  effects  are  widespread.  Thus,  traveling  dis¬ 
turbances  must  be  excluded  since,  if  they  were  isolated,  they  could  not 
travel  fast  enough  to  affect  all  of  the  paths  simultaneously.  One 
should  distinguish,  however,  two  main  kinds  of  short-period  frequency 
fluctuations;  those  produced  by  solar- flare- induced  ionization  which 
vary  inversely  with  the  operating  frequency,  and  those  produced  by  sud¬ 
den  geomagnetic- field  fluctuations  (i.e.,  sudden  commencements)  which 
most  often  vary  proportionally  with  the  operating  frequency.  The  first 
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kind  of  frequency  fluctuation  affects  all  propagating  nwdes,  Including 
those  of  the  ordinary  and  extraordinary  waves,  by  roughly  the  sa«e  aoount. 
During  the  second  kind  of  fluctuation,  the  many  propagating  inodes  over 
E,he  sanie  path  are  affected  by  sli^>tly  different  amounts.  TJius,  when 
frequency  is  analysed,  the  incoming  spectrum  is  split  on  the  record. 

Solar  flares  affect  only  tiie  signals  which  propagate  in  the  sunlit 
part  of  the  earth,  whereas  sudden  coBmencements  can  affect  the  h-f 
transnisslon  at  either  day  or  night.  Sven  though  the  sudden  coKsence- 
cents  occur  less  frequently  than  tiie  solar  flares  (three  to  four  each 
conth,  on  the  average,  as  compared  with  two  to  three  solar  flares  a 
day),  their  effect  on  the  instantaneous  frequency  is  noticed  ns  much 
on  th.e  records  ns  those  of  solar  flares,  since  90  percent  of  sudden 
cocccncecents  produce  frequency  changes  as  compared  with  about  20  percent 
of  solar  flares 

1  Solar- FI are- Induced  Fluctuatlon"-?to  itodc  Frequency  Splitting. 
Figure  Ic  shows  a  frequency  analysis  of  the  received- frequency  spectrum 
of  a  solar- flare- induced  frequency  fluctuation.  It  is  clearly  seen  that 
the  cony  existing  modes  previous  to  the  solar  flare  constitute  a  fre¬ 
quency  band  about  1  cps  wide.  Daring  the  solar- flare  iraximua,  the 
whole  band  of  frequencies  is  affected  by  the  sane  aoount 

2  Fluctuation  Caused  by  a  Sudden  Commencement— itfode  Frequency 
Splitting  Figure  17  shows  an  analysis  of  the  received- frequency  spec¬ 
trum  of  short-lived  frequency  variations  that  took  place  during  a  sudden 
commencement  that  resembles  those  produced  by  solar- flare- induced  ioni¬ 
zation  (i  e.,  a  slight  increase  in  the  frequency  followed  by  a  decrease 
and  a  subsequent  recovery).  During  the  sudden  increase  in  the  geomag¬ 
netic  field  the  frequency  increased;  then,  when  the  magnetic  field  sud¬ 
denly  decreased,  the  frequency  also  decreased  Notice,  however,  that 
the  many  different  frequencies  coming  in  prior  to  the  geomagnetic  fluc¬ 
tuations  with  a  bandwidth  of  about  1  cps,  are  affected  differently  and 
"frequency  splitting"  on  the  record  occurs,  a  characteristic  that  is 
not  observed  during  the  solar- flare- induced  fluctuations. 

3.  Fluctuation  During  a  Large  Geomagnetic -Field- -Mode  Frequency 
Splitting  and  Continued  Frequency  Oscillations.  Another  characteristic 
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FIG.  17.  FREQUENCY  ANALYSIS  OF  TOTAL 
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FIG.  17.  FREQUENCY  ANALYSIS  OF  TOTAL  RECEIVED  FREQUENCY  SPECTRUM  OF 
FREQUENCY  FLUCTUATION  CAUSED  BY  SC,  24  OCTOBER  1961.  FREQUENCIES 
OF  THE  MANY  INCOMING  MODES  AFFECTED  BY  DIFFERENT  AMOUNTS. 
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of  the  short- period  fluctuations  that  is  observed  during  the  sudden  geo- 
aagnetic- field  fluctuations  but  not  during  the  solar- flare- induced  fre¬ 
quency  fluctuations,  is  the  following:  the  short-lived  frequency  fluctua 
tions,  which  usually  vary  proportionally  with  the  operating  frequency, 
continue  for  a  long  tiEC  after  the  sudden  geoEagnetic- field  variation, 
as  shown  in  Fig.  l6.  [{otlee  that  the  frequency  uecrease  of  the  lO-Kc 
Fh-SLI  signal  is  about  3  cps,  whereas  that  of  the  20-Mr  WWV-SU  signal 
is  about  V  cps,  a  2  to  1  variation.  In  the  saae  figure  observe  that  the 
r_-y,-  a.ngle  of  arrival  shifted  toward  the  south  by  about  2  deg  while 
■.he  fi'oquency  was  decreasing.  The  angle  of  arrival  of  the  10-Kc  FR-SU 
signal  did  not  deviate  during  this  frequency  variation,  but  the  bearing 
sc int Illations  increased  in  araplitude  xarhedly  after  it  In  this  case 
■.:.v  vertical  angle  changed  much  ciore  than  tiie  azimutisal  angle  of  arrival 
secauso  of  a  probable  vertical  aovereni  of  the  ionospheric  layer.  The 
eqiipEer.t,  however,  is  not  sensitive  to  the  vertical  angle-of-arrival 
c  htsnges 

•. .  Fluctuation  Caused  by  a  Sudden  In;pulse--Modc  Frequency  .Splitting 
Occurring  .Simultaneously  over  Widely  Separated  paths.  Figure  19  shows 
another  exa-^ple  of  u  short-lived  frequency  change  that  correlates  with 
the  simultaneous  occurrence  of  a  rapii  geo!r.ngne'vic- field  variation 
(magnetic  sudden  impulse)  that  took  place  on  '•  February  19'ol.  The 
magnetic  field  suddenly  increased  by  about  15  gamma*  at  1828,  then  de¬ 
creased  by  more  than  hO  gamma  at  about  183O.  The  frequency  splitting 
and  sub.sequent  "ringing"  of  the  frequency  are  present  in  this  case  also, 
h'otice  that  tiie  frequency  of  the  20-Mc  signal  varied  more  than  that  of 
the  18-Mc  during  the  time  interval  under  discussion.  The  fact  that  the 
azimuthal  angle  of  arrival  is  not  affected  drastically  during  these  sud¬ 
den  geomagnetic -field  variations  could  be  due  to  a  vertical  movement  of 
the  refraction  point  of  the  wave  (see  the  proportional  frequency  varia¬ 
tion  of  the  instantaneous  frequency  and  the  simultaneous  effect  on  widely 
separated  paths).  Subsequent  motions  of  the  ionosphere,  however,  could 
produce  tilts  that  would  deviate  the  h-f  waves  laterally  [Ref.  2h].  In 
other  words,  the  upper  layers  of  the  ionosphere  can  be  considered  as  a 
filter  which  "rings"  whenever  energy  is  applied  to  it. 

* 

1  gamma  =10  gauss 
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FIG.  la.  FIlKQUKiNCY  ANAl.V.SI.S  OF  TOTAI.  iUrCKIVKII  F IIKQflUVCV  SPKCTUUM  OF  FBKOMFuNCV  FI.UCTUATIO.'V 
DURING  I.AIIGE  GKOM  AGN  ETI C- FI  Kl.l)  FI.UCTIIATIOX.  28  M-MICII  l««.l.  FIIEQUILNCI  F..S  OF  TIIK  WA3SY 
INCOMING  MODES  AFFECTED  HY  DIFFERENT  AMOUNTS.  CONTINUING  FDEQUILNCY  OSCII.I.ATIONS. 
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FIG.  19.  FREQUENCY  ANALYSIS  OF  TOTAL  RECEIVED  FREQUENCY  SPECTRUM  OF  FREQUENCY 
FLUCTUATION  CAUSED  BY  SI ,  4  FEBRUARY  1961.  FREQUENCIES  OF  THE  MANY  INCOMING 
MODES  AFFECTED  BY  DIFFERENT  AMOUNTS  SIMULTANEOUSLY  OVER  WIDELY  SEPARATED  PATHS. 
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^HEX)RETICAL  considerations  and  experimental  ANALreiS 


The  experimental  observations  discussed  In  Chapter  III  can  be  sum¬ 
marized  as  follows: 

^  do  not  produce  similar  effects. 

Sometimes  there  can  be  a  2  to  1  difference  In  the  amount  of  fre¬ 
quency  change,  and  time  Intervals  of  their  effects  con  range  from 
i  10  ^  min. 

laportance  2,  3,  or  3+)  do  not  produce  any 


o. 


^  accompanied  by  short-wave  fadeout,  others  ore  not. 

uume  .lares  o.  the  same  kind  during  the  same  day  produce  different 

U^rfr^ouJ!!"  occurs, ^^takes  pllce  afJer 

U.e  fiequency  angle-of-orrival  deviations  to  the  south*  of  the  great- 
circle  plane,  and  it  has  occurred  os  many  as  2  to  5  oin  later. 

■.  The  frequency  changes  vary  Inversely  with  operating  frequency,  ns 
contrasted  with  the  frequency  changes  which  vary  proper tio.nal I v 
^ith  the  operating  frequency,  because  of  the  reflection  point  of 
i-ne  h-4  wove  cnoving  upward  or  downward. 

V.  The  fii^ima  of  the  frequency  shifts  take  place  1  to  U  min  prior  to 
tne  time  o.  the  maxim  in  phase  of  the  solar  flares.  * - 

produced  during  solar  flares  con 
produced  during  sudden  geomagnetic- 
field  variations.  In  the  former  case  all  modes  are  affected  by 


In  the  following  sections,  simple  expressions  for  the  frequency 
and  phase  change,  as  well  as  for  the  absorption  of  ionospherically  propa¬ 
gated  wave,  will  be  obtained  and  values  for  these  effects  under  various 
Ionospheric  changes  will  be  calculated.  These  results  will  then  be 
compared  with  experimental  observations.  It  will  be  shown  that  the 
ionization  changes  in  the  D  region  needed  to  produce  the  frequency  and 
phase  changes  reported,  would  also  produce  large  absorption  levels  of 
the  propagation  signals.  From  the  simultaneity  nature  of  the  effects 
over  large  areas,  and  the  fact  that  a  wave  also  deviates  off  its  great- 
circle  plane,  as  well  as  from  other  considerations,  it  will  be  shown  that 


great-circle  plane  is  not  the  only  direction  toward 

of  the  n  deviate.  It  depends  on  the  relative  position 

aJd  ?^en  measurements  were  made, 

and  the  frequencies  of  operation. 
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solar  flares  often  produce  ionization  above  125  kia  but  below  the  points 
where  the  h-f  waves  of  the  15-  to  20-Mc  range  are  "reflected". 

The  vlf  experiments  [Refs.  7»l^*»19l  liave  shown  that  the  effects 
of  the  D  region  and  lower  lag  the  effects  of  the  E  region  and  higher, 
and  this  is  borne  out  by  the  examples  showji  in  the  previous  ciiapter. 
Thus,  furth.er  evidence  is  given  tc  support  the  fact  that  ionization  in¬ 
crease  is  also  produced  between  ih.e  E  and  F  regions  by  a  different 
ionization  agent  than  tiiat  which  produces  ionization  in  the  D  region. 
FurtStermore,  the  data  presented  here  indicate  that  all  layers  (i.e., 
heights)  are  not  affected  simultosieously;  radiation  arrives  and  affects 
the  higher  regions  first,  and  later  the  shorter  wavelength  >'-rny  radia¬ 
tion,  etc.,  tsay  or  nay  not  come  to  affect  the  D  or  lower  region. 


I‘iAT:!HM;iTICAL  MODEL 


The  behavior  of  an  h-f  wave  transmitted  througis  ti.e  io.nosphere  is 
completely  described  if  its  frequency  f  and  Its  propagation  i'unction 
y  are  given.  That  is,  each  wave  is  of  the  form; 


Wave 


R  “ 

n 

'  r 

E  exp 
0 

jujt  -  j  7  ds 
T 

r  E  eXD 

0 

-  J  a  ds 
T 

exp 

J 

ojt  -  \  3  ds  j 

V  T  / 

— 

— 

- 

\  '  ri 

(1) 


where  =  amplitude  of  wave  as  it  leaves  transmitter  T, 

<u  =  operational  angular  frequency  =  2nf, 

y  =  a  +  J3  =  propagation  function  (per/m), 

a  =  the  attenuation  part  of  the  propagation  function 
(nepers/m), 

and  3  =  phase  part  of  the  propagation  function  (radians/ir.) . 


Each  integral  in  Eq.  (l)  is  from  the  transmitter  T  to  the  receiver  R. 

The  propagation  function,  7  ,  of  an  h-f  wave  traveling  through  the 
ionosphere  is  given  by  the  Appleton-Hartree  formula  [Ref.  27]: 
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2  2 
r  =  -p  + 

V 


0^  2  2 

2  (~) 


'to 


2(1  -  0  -) 


(3!  .in  «)= 

'in* 


'to 


*"  j  to  ^0)  ' 


C°°  if 

I.ji-(V 

*  0)  'a>  ^  - 


1 


+!»(~  cobO)^ 

u> 


(2) 

vnere  i!?©  Byobols  !mve  their  usual  sl^ificonce  (see  also  List  of  Syabols). 
:!{e  plus  slgr.  gives  the  propagation  function  of  the  ordinary  uavc,  ond 
•j.e  alnus  sigji  that  of  the  extraordinary. 

For  lite  geometry  at  iiond  t5;e  so-called  quasi- longitudinal  (QL)  op- 
proxiciatlon  of  Eq.  (l)  can  be  used.  This  takes  the  fora  (Ref.  2?] 


y 


2 


ts,.  2 

(~) 

'(I) 


j  -  +  ~  Icos  0 1 
''  to  -  to 


(3) 


Since  the  operating  frequency  ranges  between  15  and  20  Me  and  the  gyro 
frequency  is  about  1.25  Me,  the  term  (U|,/ti>  cos  qI^^^qO  compared  with 
1  can  be  neglected  for  the  purpose  of  calculating  the  attenuation. 
Thus,  for  both  the  oixilnary  and  extraordinary  waves,  one  has 

/■« 


B.  PT.EQUEIi'CY  AUD  PHASE  VARIATIOHS 

For  the  purpose  of  calculating  phase  or  frequency  changes  one  may 
neglect  the  term  i//u3  but  keep  the  term  cuj^/o)  cos  0  in  order  to  see 
t.he  effect  of  the  magnetic  field.  Propagation  is  controlled  by  P  when 
aijj  <  (a  but  not  much  smaller  than  cu^.  Then. 
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Thus,  neglecting  momentarily  the  attenuation  function,  one  has  for 
the  ordinary  mode 


Wave  «  exp 


Jait  -  J 


I 


Mb 


(6) 


where  0  is  the  total  phase  of  tiie  wave.  The  time  derivative  of  the 
total  pisase  Is  the  instantaneous  angular  frequency 


dt  “  ‘“inst 


radlnns/see 


(7) 


W:;er.  0  does  not  vary  with  time,  =  uj,  the  operating  frequency. 

If  li  does  vary  with  time,  however, 

h 

‘“inst  ^  ^  j  radianc/sec  (8) 

i 

It  is  the  time  dependence  of  the  second  term  of  Kq.  (6)  that  modifies 
the  phase  and  instantaneous-received  frequency  of  h-f  waves  during 
solar  flares. 

Assuming  an  n-hop  propagation  path  between  stations  sepoi-ated  by 
a  distance  d  km,  we  propose  that  the  absorption  and  frequency  variations 
are  due  to  a  change  in  the  ionization  of  a  layer  of  thickness  a  km 
in  the  nondeviative  part  of  the  path  [Ref.  20].  For  simplicity,  let  us 
assume  that  0  is  a  constant  function  of  the  spatial  coordinates  (x,y, z) 
as  the  wave  travels  through  the  thin  layer  of  thickness  a.  Under  this 
assumption  0  can  be  taken  out  of  the  integral  sign  and  the  value  of 
the  integral  replaced  by  the  incremental  path  length  AS. 


AS  = 


2  an 
sin 


meters 


(9) 


where  ,|f^  =  arc  tan  ^  is  the  takeoff  angle  of  the  wave,  and  h'  is 

the  virtual  height  of  refraction.  For  this  model,  0  changes  with  time 
only  in  region  II  (see  Fig.  20);  thus 


+  |20S  0 


(10) 
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SIMPLIFIER  WAVE- PATH  GEOMETRY. 


since 


(!h,  - » - ,1, 

tu  '  * 


U)  +  cos  0 

wc  neglect  hlgiier  terms  in  the  expansion  of  ilie  square  root  to  obtain 


0  =  'St  -  ^  ^  ~ 

c  2ac  'to  +  at.  'cos  0“ 

-  It 


The  third  tpra  in  Eq.  (11)  is  due  to  the  ionosphere  and 

AO  ,  !l!  f  ' 

c  di  'll)  +  oi,  'cos  0' 

-  It 


(11) 


(12) 


ror  ih.e  frequency  case 


a0 

dt 


OJ  + 


Hi 


c  uj+a^jlcoiol  dt 


i\S 


(13) 


Ti’us,  the  frequency  and  phase  of  a  wave  of  frequency  to  transmitted 
throng!,  the  ionosphere  vary  inversely  witi;  the  operating  frequency 
when  (u^.  varies  with  tire  in  region  II. 


FERMAT'S  PRDICIPLE 


That  the  different  modes  (i.e.,  ordinary  and  extraordinary  modes 
of  the  many  n-hop  modes)  pass  through  slightly  different  paths  can  be 
seen  from  Fermat's  principle  which,  for  our  specific  case,  states  that 
the  Integral  of  the  phase  path  of  an  electromagnetic  wave  traveling 
from  a  point  A  (the  transmitter)  to  a  point  B  (the  receiver),  as 
shown  in  the  sketch  below,  is  a  minimum  or 

ds 


B 


I 


A 


ds 

—  =  min 

V 

P 


r(x,y,z) 


(114) 


where  ds  denotes  a  differential  path  length  transversed  by  the  wave 
with  the  phase  velocity  v  ,  but. 
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y  _  0)  angular  operating  frequency _ 

P  ~  propagation  function  of  wave  in  medium 


(15) 


Thus,  Eq.  (iJi)  becomes' 


I 

A 


0  ds  s  min 


(16) 


since  the  operating  frequency  to  is  a  constant.  In  our  case  the 
propagation- phase  function  (J  is  not  only  a  function  of  the  three 
coordinates  (x,y,2)  at  any  point  on  the  path  p  but  of  time  t  as 
-oil 

Fentafc  principle  is,  of  course,  subject  to  certain  restrictions, 
5;a*5ely,  chat  th.e  propagation  function  does  not  have  rapid  changes 
(either  viih.  space  or  lime)  and  tliat  the  ojedium  is  isotropic.  These 
conditions  are  not  met  here  in  a  strictly  rigorous  sense,  because  the 
medium  is  anisotropic  and  mpid  variations  in  the  propagation  function 
aie  }'...own  to  lake  place.  Fermat's  principle  could  be  used,  however,  os 
'.;.e  ionosp.'iore  were  quasi-variable,  but  the  propagation  function  of 
t:;e  anisotropic  medium  will  be  utilized  by  Including  tne  effect  of 
the  magnetic  field. 

In  addition  to  the  variations  of  the  propagation- phase  function  3 
In  the  ionosphere,  which  could  affect  the  ray  path  of  the  h-f  wave  as  It 
'-ravels  from  A  to  B,  movements  or  motions  of  the  ionospheric  layers 
modify  this  path.  These  motions  cf  the  layers  produce  true  doppler- 
Jrcqucncy  changes  in  the  signal  that  are  proportional  to  the  operating 
frequency.  The  frequency  var rations  that  take  place  because  of  the 
Mme  variation  of  the  propagation  function  can  be  determined  by  examin¬ 
ing  the  time  derivative  of  the  ray  path.  Tlius,  the  total  change  in  Liie 
i.ns'.antaneou.s  frequency  of  the  wave  is  given  by  [Ref.  28], 


c)  r 

—  -  it  J  p 

^  A 


^£0  =  0) 


(17) 


cr,  using  Eq.  (15), 


B 


Acs 


=  i'-n  P  -  J 


ds 


(18) 
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vhere  u  is  the  component  of  the  velocity  of  the  moving  dlsturhonce 

along  the  path.  Equation  (18)  shows  that  even  the  doppler- frequency 

lenn  (a)  is  affected  when  the  propagation- phase  function  varies  with 
time.  In  Eq.  (Ida)  the  plus  sign  is  used  when  the  disturbance  is  moving 

toward  t!ie  transmitter,  the  negative  sign  wh.en  moving  away  fj-om  the  trans 

muter.  The  negative  sign  in  front  of  the  i.ntegral  term  (b)  of  Eq.  (l8) 
Is  used  because,  for  Ute  case  of  forward  propagation,  tiie  propagation 
fur.ctien  c.arrles  a  negative  sign,  as  in  Eq.  (l). 


D.  .'■’BEQUE5ICY  VARIATIOJtS  WllEU  u^j  ONLY  VARIES  WITii  TIJ-K 


and  <•: 


Examination  of  ti.e  propagation- phase  function  0  of  the  ordinary 
■C'Xtraord inary  waves  when  ai,.  only  varies  wStri  time,  below  tne 


•.eight  of  their  refraction  points,  such  as  diring  ir.e  sudden  ir.troduc- 
t  io.'j  of  ionization  along  tSie  ray  patti,  reveals  tiiat  th.e  tic/?- varying 
propagatio.'i  f-unctlon  contributes  to  a  change  in  the  instantarscous  fre¬ 
quency.  Thus,  a.*;  the  wave  adva.nces  ^  cete.-.'^  along  its  pimse  path, 
its  1  ns ta-itaneous  frequency  changes  from  oi  to  cu  ■*  /.vo.  From  Eqs.  (IC) 
pusd  (11)  this  change  would  be  proportlo.nal  to  dg/dt,  or 


_ 

■^'ord  ~  p  u)  u.'  ••  (i^j  *cos  9' 


(19) 


for  the  ordinary  wave,  and 


lextr”  6  oj 


/••r. 


extr"  3  0)  to  -  u^,  !cos  el 


(20) 


for  the  extraordinary  wave. 

Since,  during  the  positive  part  of  the  pha.se  where  i.ncreases, 

dtt^j/dt  >  0  and  cos  0  «  1, 

- — i -  =  1  ±  (cJ^|/®)  lco.‘--  el  (21) 

1  +  —  I  cos  0 1 

-  <0 

and  there  is  an  increase  in  the  instantaneous  frequency  of  the  propagat¬ 
ing  signal  that  is  proportional  to  the  reciprocal  of  the  operating  fre¬ 
quency  of  the  transmitted  wave.  Furthermore,  during  electron-density 


fluctuations; 
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Ad  <  Aai  „ 
ord  cxtr 


(22) 


as  can  be  seen  by  comparison  of  Eqs.  (19)  (20)  with  Eq.  (21).  Thus, 

the  ordinary  and  e.xtraordlnai*y  modes  are  affected  differently  by  the 
iiKoar.?:  2(ax,/m  cos  o),  smee  one  Is  decreased  by  a^j/to  cos  C  and  the 
other  Is  increased  by  cos  6.  This  difference  Is  small,  however, 

since  for  li:o  frequencies  used  here  2  a^j/tu  cos  6  =  2(1.25/l7-9)  cos  60 
deg  =  0.07,  02-  tJio  two  frequencies  differ  by  only  7  percent  in  the 
r’.L’i\?9  frequency  case.  This  percentage  will  increase  as  the  operating 
frequency  app:‘oaches  the  gyro  frequency . 


h.  :-"c-:ciU“h'CY  vahiatioiii;  ta,  ohlv  v/uiiss  wrni  time 

With  thie  assiasDi ion  tii;at  ux.  varies  with  time  and 

r. 

s*. nnt,  the  frequency  ci-.anges  will  be  ps^oportlonal  to 


stays  con- 


•^"'ord  ■-  dtlord  =  3"  ^ 


doj; 

dt 


(^D  •  ta.  cos  0l)‘ 


(23) 


and  '.he  fi'oquency  cf  the  ordinary  mode  i.ncreases,  whereas 


i'Sl 


extr’  dt'extr 


(3,.  (a.  2 

( — }  u)  COS  0 
2p  'w 


dt 


AS 


((l^caJ  !cos  (?!)' 


(21.) 


t!.-.  i  tiiC  frequer.  -y  of  '-no  r-.y.iraordinnvy  mode  ciecreaseo.  In  this  case 
afaln.  the  many  ■nodec  are  affected  differently.  The  changes  in  the  In- 
r.tantnneous  frequency  during  rapid  magnetic  cliangec  are  inversely  pro¬ 
portional  to  the  square  of  the  operating  i’requcncy  in  the  nondeviative 
region  where  ft  «  1  (region  fl  of  Fig.  20)  Close  to  the  point  of 
refraction,  however,  wnere  (3  a:  0  (region  I  of  Fig.  20),  the  result  is 
to  change  the  height  at  v/hich  the  v/ave  is  refracted.  The  frequency 
change,  then,  is  proportional  to  the  time  derivative  of  the  virtual 
height;  that  is,  the  doppler-type  frequency  change  observed  is  directly 
proportional  to  the  operating  frequency. 
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The  above  statement  can  be  clarified  by  examining  the  doppler- fre¬ 
quency  change  ^  ,  which  is  given  by 


R 


^  =  CO 


Ht 


in  S 


(25) 


vh.ere  is  tlie  group  velocity  of  the  wave  along  the  path  ds  from 
the  transmitter  T  to  the  receiver  R.  Since  v  =  cn,  where  c  is 

ti;e  velocity  of  light  and  n  the  refractive  index  in  the  ionosphere, 
one  isas 
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0)  d  C 
c  dt  J 


J  J- 

t  y  1 


(—V  to 

'to  '  M  I  cos  c| 


(26) 


«'-it  ds  Sin  =  dz,  where  dz  is  the  vertical- he igiit  Increment  cor- 
recponding  to  the  slant  incremental  path  ds,  end  is  the  takeoff 
angle  o»  tne  nth  mode.  Thus,  Eq.  (26)  can  be  ti'ansfo lined  to 

h 


i-  -  f  ^  an  sin  f 


Jdz 

J  2 

oYl  -  (-il)  — 

'  CO  '  CD  4 


(27) 


CD 


CD  '  CD  4_  CU^.  ICOS  0  I 


or 


Acu  =  ^  2n  sin  <ii  47-  h' 
c  'n  dt 


(28) 


where  h'  is  the  virtual  height  of  refraction. 

Thus,  when  the  reflecting  layer  changes  height  with  time,  having  a 
component  of  velocity  u^  along  the  direction  of  propagation,  the  second 
term  of  Eq.  (l8)  is  reduced  to  a  similar  expression  like  the  first  and 
a  doppler-type  of  frequency  shift  is  produced  which  varies  proportionally 
operating  frequency.  The  effect  of  the  magnetic  field  is  to  cause 
the  ordinary  and  extraordinary  modes  to  be  refracted  from  different  heights 
in  the  ionosphere.  Therefore,  h'  varies  differently  for  the  ordinary 
case  (plus  sign  in  Eq.  28)  than  for  the  extraordinary  case  (minus  sign 
in  Eq.  28).  The  result  is  a  splitting,  on  the  record,  of  the  frequency 
spectrum  of  the  incoming  transmission. 
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F.  CALCULATIONS  OF  ATTENUATION  WFEN  VARIES  VaTH  TIME 

In  the  attenuation  cose,  on  approximate  expression  for  the  change 
in  a  with  N  that  is  good  to  within  10  percent  when  <0.?  and 

I'/o}  <  0.7»  is: 


1*12  +  (aj^|/a))^l  dN 

*icf^  1  ♦  (m/o))^  [l  -  (a;^j/a))^l^  (*'/<»))^ 


nepers/m 


(29) 

For  heights  between  65  and  150  km  and  for  frequencies  above  15  Me, 
a:|jA)<  0  3  and  v/ta  <  0.3.  An  appropriate  approximation  of  Eq.  (29)  in 
this  height  range  is 


da  =  dU  nepers/m  (30) 

2  cr 

The  ciiange  in  power  absorption  of  a  signal  in  decibels  is 

dA  a  d  (20  logj^Q  axp  (a  AS)]  (31) 

For  sttali  changes  in  path  geometry 

dA  a  '6.66  ASda  db  (32) 


Substituting  Eq.  (I6)  into  Eq.  (I8) 


dA .  MLisgimid  dN 

2  cr 


db 


(33) 


The  change  in  phase  with  a  change  in  N  for  <0.3  is  from 

Eq.  (12) 


^  ^  dN - - a<  cycles  (314) 

2n  2  cf  0)  +  o^lcoB  ^ 

Now^  reasonable  values  for  the  PR-SU  path  geometry  are  h'  =  3OO  km  and 
d  =  5*^00  km.  Let  us  assume  arbitrarily  that  a  a  20  km.  The  above 
values,  when  substituted  in  Eq.  (9);  give  AS  =  360  km  since,  for  low 
takeoff  values,  tan  \if  w  *  . 
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US  calculate  the  effect  of  a  change  in  the  Ionization  of  the 
D  region  on  the  absorption  of  a  15-Me  signal.  At  these  heights  (see 
Fig.  21)  I'  =  loVsec;  thus,  from  Eq.  (l8)  one  gets: 


dA 


(6.66)  (81)  (io7)  (3.6  ^  10^) 


(2)  (3  X  10°) 


(15  X  10^)^ 


dil  =  1.65  X 


lo”®  d?r 


db 


From  Eq.  (35)  the  phase  change  of  this  signal  is: 


(35) 


d0  =  i2n)  (81)  (3.6  X  10?) 

(2)  (3  X  10^^)  (15  X  10^) 


2n(3.2)  X  10"'  d» 


radians 


i:'.e  pnase  change  in  number  of  cycles  is; 


(36) 


^  =  3*2  X  10  ^  diJ  cycles  (37) 

In  the  D  region,  is  approximately  5  x  10^  electrons/m^.  A 

change  of  pO  percent  in  N  (not  unusual  durtr.g  fadeoutr,)  corresponds 
to  a  drop  in  signal  level  of  (from  Eq.  35): 

dA  =  1.85  X  10‘®  (2.5  X  10')  =  J.p  db  (38) 
and  a  phase  change  of  (from  Eq.  37); 


di  =  3.2  X  lo"^  X  2.5  X  10^  =  8 


cycles  (39) 


The  absorption  would  certainly  be  detectable,  but  the  phase  change  Is 
barely  detectable  as  a  frequency  deviation  if  it  occurs  over  a  period 
of  greater  than  half  a  minute.  The  large  value  of  the  absorption  implies 
that  frequency  deviations  are  due  to  ionization  changes  in  higher  regions 
If  the  layer  is  placed  at  E- region  heights  (lOO  to  120  km), 

=  10  /sec;  then 

dA  =  1.8  X  10”^®  dN 
di  =  3.2  X  10"^  dN 
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db  (40) 
cycles  (4l) 


COLLISION  FREQUCHCT  (CVEMTS/SEC) 

COLLISION  KIIKQUKNCV  VS  UK  I  CUT. 


For  thle  case  a  phase  change  of  120  cycles  (or  a  S-eps  "kick"  for 
1  nin— not  unusual,  see  Figs  3  and  5)  would  cause  an  absorption  change 
of  about  7  db,  an  acsount  easily  noticeable.  This  corresponds  to  a  change 
of  120/3.2  X  10  ^  E  3*8  X  10^^  electrons/®^,  or  30  percent  of  the  E- 
reglon  electron  density. 

Since  certain  solar  flares  produce  phase  changes  of  the  above  oag- 
nitude  without  any  observable  absorption,  the  Ionisation  In  these  cases 
SrUSt  be  Introduced  at  a  yet  higher  level  Assualng  Hint  changes  in  sig¬ 
nal  strongth  of  less  than  1  db  casinot  be  distinguished  in  the  present 
setup,  we  will  calculate  the  tainiaua  height  of  tS’e  band  whose  ionisation 
change  will  produce  the  observed  frequency  kicks. 

For  exaaple,  the  It  August  196I  (Fig  '?a)Golar  subflarc  prolxed  a  pc;osc* 
ch;ange  cf  ZOOr.  radlatis  (I50  cycles)  but  no  obse«-vahlo  absorption  on  the 
:di-SU  l!>-!‘tc  signal. 

Calculating  t.no  tsaxlauffl  i>  which  will  give  iw:  ab.sorptlor.  less  tha:i 
1  db,  we  substitute  Eq.  (33)  into  Eq.  (3t)  and  obtain- 


<  2nf  dA  _  15  X  10^  X  1 
-  d.66  d0  "  t.bb  X  150 


l.lt?  X  lO’/soj 


(1.2) 


A  hei£^’.t  greater  than  125  km  Is  required  to  give  a  »'  of  suffi¬ 
ciently  lo'w  cagnitude  Thus,  It  appears  ’.^hat  some  solar  flares  produce 
ionization  above  125  km.  It  is  noted  that  an  ionospheric  disturbance 
of  any  origin  which  causes  a  phase  cha.ngc  of  greater  than  150  cycles 
with  no  observable  absorption  on  the  PR-SU  15-{*5c  signal  must  occur  above 
120  k.Ti. 


C  AIIALYSIS  OF  TiiE  I FiDUCED- EFFECTS  OF  TifE  2&  SEPTEF-iBn^  I96I  SOLAl^  FL/IRE 

OF  IMPORTAfICE  3 

Now  let  us  examine  the  effects  of  tlie  solar  flare  of  importance  3 
of  28  September  I961  (Fig.  13)*  Table  2  contains  a  detailed  record  of 
the  events  tFiat  took  place  during  the  lifetime  of  this  flare.  The  in¬ 
formation  included  in  the  second,  sixth,  seventh  and  eighth  columns  is 
taken  from  the  High  Altitude  Observatory's  "Preliminary  Reports  of  Solar 
Activity"  [Ref.  26].  The  information  contained  in  the  other  columns 
is  derived  from  the  record  shown  in  Fig.  13 . 
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TABLE  2  OCCIIHHF.NCF.  OF  EVFINTS  OF  FLARE  OF  28  SEPTEMBER  1961 
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(3) 
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(1) 
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Fca^aaacp 
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1 
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0  4S 

Oaaat 
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0  40 

0  60 

3338 

0.30 

0  10 

33  SO 

Rteo*er) 

3J16 

lUiJ 

I r  1  i 


7  I/30S  t 


MTk'A  °  $u<l<lrA  CoAfKic  Ab»or|iiidA 

Tbc  I  inr  by  tUf  36  «•«  3316  (iMT 


A  cursory  glance  at  Table  2  shows  the  following: 

1.  The  naximum  of  the  amplitude  fading  rate  occurs  at  the  same  tine 
as  the  tnaxiraura  frequency  (phase)  change. 

2.  The  absorption  starts  after  the  maximum  frequency  deviation  and 
reaches  its  maximum  some  5?  min  later.  Even  this  maximum  absorp¬ 
tion  is  classified  as  one  of  importance  1,  i.e.,  very  moderate. 

■j.  The  SFA,  SCHA  and  .SEA  effects  have  their  onset  times  5,  7  Q-nd  6 
r.Jn,  respectively,  after  the  onset  time  of  the  frequency  change, 
and  tiieir  importance  is  of  secondary  value.  It  seems  that  during 
this  flare,  ionization  was  produced  at  all  levels  simultaneously 
(as  is  the  case  during  very  strong  solar  flares);  but  moximvun 
ionization  was  produced  first  at  higher  levels  (see  frequency  and 
absorption  maxima  about  It  min  apart)  and  then  at  the  lower  levels. 
Even  the  lower  ionization  production  was  not  too  pronounced,  as 
one  can  see  from  the  severity  of  the  SPA,  SCNA,  SEA,  and  particu¬ 
larly  the  slow  SV/F  effects. 

^  The  Ip-  and  l8-Mc  signals  suffered  a  total  of  1100  and  910  cycles  of 
additional  phase  rotation,  respectively,  before  any  observable  ab¬ 
sorption  wa.s  noticed.  These  values  are  proportional  to  l/f. 

The  maximum  frequency  change  occurs  simultaneously  on  both  frequen¬ 
cies  to  within  +0.5  sec.  An  additional  fact  that  must  be  brought 
out  here  is  that  the  sun  is  low  over  much  of  the  path  (5  PM  local 
time  in  Florida,  one-third  of  the  way  from  PR  to  SU).  Also,  because 
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1  frhf»  lanii-inox  the  subBolor  point  is  inany  degrees 
°ouofonte“pi  Its  rsys  fall  at  aomevhat  grazing  angle  on  the 
ionosphere  tlirough  which  the  PR-SU  path  passes. 

Combining  Eqs.  (33)  (3^)» 


dl  f _ 

HJ(  ■  FToSp 


For  the  solar  flare  of  28  September  I96I,  the  phase  change  before 
observable  absorption  occurred  was  910  cycles  at  ll;  Me  and  HOC 

cveles  at  1?  Me.  /^i  \ 

The  total  ci^ange  in  ionization  along  the  path  is,  from  ..q  (jO, 

Pin  X  18  X  10^  X  2  X  3  X  lof  _  ^  2  X  (®‘3) 

/iS  dl!  =  - -  Si 

a=nue,lr,g  the  air.imer,  ehange  in  signal  level  that  ean  he  detceted  la  I  dh. 
T-ne  maximum  average  value  of  •'  that  can  cause  <  1  db  ansorption 

is  derived  from  Eq.  (b2); 


•  2  X  lo'78.66  V  2.3  X  lO^/sec 


r-e  helgiit  vlth  this  e  Is  IhO  kr.i  thes,  the  average  heigh, t  of 
ionization  change  Is  HO  k«  or  more.  For  a  path  lengih  of  tOO  hm 
throegh  the  layer  (thickness  of  layer  of  20  km),  the  change  In  lor. 
density  is  obtained  from  Eq.  (26)  as 


dlj  _  ^  =  3  X  10^  electrons/irr^  (**5) 

li00  X  10^ 

The  values  given  by  Eq.  (32)  are  less  than  1  percent  of  the  Ion  density 
of  the  region  at  HO  km.  This  small  value  la  obtained  from  the  assump¬ 
tion  that  the  layer  was  20.km  thick.  ActuaUy,  however,  it  could  be 

much  less  than  this,  say  about  2-km  thick. 

The  above  analysis  co'dd  also  be  carried  out  by  considering  the  re¬ 
combination  coefficients  of  the  different  charged  particles  for  the 
different  heights  [Ref.  29).  However,  this  was  not  accomplished  for  two 
reasons-  (1)  there  are  many  such  coefficients  in  the  lower  ionosphere, 
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and  their  exact  variation  with  height  is  not  well  known,  and  (2), 
because  of  the  recording  speeds  employed  during  these  experiments,  the 
exact  recovery  times  of  the  frequency  fluctuations  during  solar  flores 
could  not  be  determined  with  accuroey.  As  an  alternative  method,  the 
effect  of  absorption  was  chosen  since  the  variation  of  the  collision 
fi-equcncy  with  heigia  is  better  known. 

!•:  ACREaaJT  of  'nrEORETicAL  mid  experiiejital  results 

The  previous  analysis  and  experimental  evidence  indicate  tJiat  the 
proposed  model  of  Fig.  2C  is  a  reasonable  one,  to  a  first  approximation. 

Since  Elison  (P.ef  JO]  suggested  t.Hat  during  solar  flares,  intense 
radiations  aroimd  ^00  and  1200  A  may  be  emitted  (although)  he  states  that 
we  have  no  proof  of  this)  and  Friedman  (Ref.  3l)  described  rocket  experi- 

o 

mcT.ts  which  yielded  the  information  tiuit  radiations  between  100  and  lOOO  A 
are  absorbed  In  the  region  between  120  to  IbO  km,  one  ni^.t  speculate 
that  during  solar  flares  radiations  of  this  ti^pe  ionize  the  upper  atmos¬ 
phere  at  these  heights.  The  time  variation  of  the  ionization  change  pro¬ 
duces  ti’.ece  frequency  kicks  without  producing  absorption  (i.e  ,  without 
pe.netrating  down  to  the  D  or  E  region). 

In  the  case  of  vert leal- incidence  lonograos  to  determine  height  of 
reflection,  one  must  take  into  account  the  additional  retardation  intro¬ 
duced  by  the  extra  ionization  timt  is  introduced  by  the  solar  flare. 

If  this  retardation  occurs  somewhere  below  the  reflection  point  of  the 
vertical  wave,  the  virtuai  height  will  seem  to  rise;  whereas  actually 
thl.s  is  not  so.  This  can  be  shown  from  differentiating  the  argument  of 
Sq  (5)  with  respect  to  o)  since  the  time  delay  is 


R 


Since  0  increases  during  the  time  interval  of  a  solar  flare,  t  will 
be  larger  and  the  virtual  height  will  seem  higher.  Thus,  one  may  draw 
the  erroneous  conclusion  that  the  layer  rises  because  of  a  reduction  of 
the  electron  density  near  the  reflection  point  [Ref.  3]-  A  reduction  in 
the  ionization  density  does  not  take  place  during  solar  flares,  since  it 
has  been  shown  that  the  total  ionization  of  the  atmosphere  increases  by 
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more  than  100  percent  during  some  strong  solar  flares  [Refs.  15  and  22 J. 
T!jis  indicates  that  not  only  the  D-region  Ionization  is  increased  (as 
evidenced  by  the  absorption  results)  (Refs.  2-7,  and  l^i,  19  and  29]  or 
the  E  region  (as  shown  by  Burkard  [Ref.  U],  Bibl  [Ref.  I7],  and  Findlay 
[Ref.  18]),  but  the  higher  levels  as  well,  as  shown  by  the  isolated  case 
of  Naismith  and  Beynon  [Ref.  12)  Fttrthermore,  from  the  observation  of 
tiiC  S'requency  of  backscattered  signals  during  solar  flares,  it  is  con¬ 
cluded  that  the  downward-moving- layer  model  [Refs.  15  and  22]  is  not 
always  an  appropriate  one  [Ref.  32). 

The  following  KKJdel  might  then  be  proposed;  During  some  solar 
flares  ionization  of  certain  band  frequencies  (UV)  arrives  first  and 
ic.'iizos  primarily  the  120-  to  lljO-kra  height  with  small  increases  in  the 
ionization  in  tlie  D  and  F  regions.  Subsequently,  the  ionization 
"i.ardens"  (probably  because  of  the  arrival  of  X-rays  and  gamma-rays)  and 
produces  electron-density  variations  in  the  D  region,  which  results  in 
ab.<jorption. 
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V.  CONCLUSIONS 


During  the  lifetiKe  of  certain  of  the  solar  flares  reported 
(Refs  25  and  4^0 j,  the  frequency  of  an  obliquely  propagated  h-f  wave 
in  tne  .requency  range  between  10  and  20  Me  is  soaentarily  changed  by  a 
rev  cycles.  The  change  consists  of  an  Increase  in  the  instantaneous- 


received  frequency,  followed  by  a  decrease  and  subsequently  a  gradual 
return  toward  the  original- received  frequency.  The  rapid  part  of  the 
. ! cquency  variations  lasts  only  a  few  nlnutes  (usually  less  titan  *5)  • 

In  addition,  tiro  frequency  change-  varies  inversely  with  the  operating 
-lequency.  as  contrasted  with  the  so- '•ailed  doppler  frequency  changes, 
produ  ed  by  sovmg  i.-.noctoger.oii ies  and  traveling  ionospheric  diet urbances, 
o.'.icr.  vary  'jirectly  proportionally  uitji  t.he  operating  frequency 

Pat.'js  separated  cy  evany  i;unareas  of  kiloneters  are  sicsuliancously 
a::ectea.  These  frequency  changer  Invariably  occur  prior  to  the  com- 
tr.encer.ent  of  tne  signal  absorption  (1  to  '3  min;  or.  the  average  of 
e*eiy  2  .mi:.).  Various  degrees  of  change  ranging  from  no  observable 
absorption  to  complete  signal  loss  .nave  bee.n  observed  Th<'  azimuthal 
angle  0:  arrival  of  the  same  signals  tiiet  suffer  frequer.'y  changes 
duri.ng  some  of  the  solar  flares  a.d  subflaros  is  also  shifted  off  its 
true  bearing.  T.nese  bearing  deviailon.s  are  toward  the  south  in  the  case 
Oi  the  Puerto  r.ico  -  Stanford  path  They  indicate  that  electron-density 
graalents  are  formed  wh.e.n  the  sur.  illu.Tii nates  part  of  the  path  or  the 
sun's  radiation  is  falling  at  a  grazing  incidence. 


These  onser'/atlons  of  instantaneous- freque.ncy  and  angle-of-ai’rival 
changes  during  solar  flares,  toget.her  with  other  experimental  results 
such  as  backscattered  h-f  signals,  mea-surements  of  F- region  electron 
density,  and  ultraviolet  absorption  by  the  ionosphere;  suggest  that  new 
ionization  is  introduced  initially  somewhere  just  above  the  E  region 
(very  prooably  in  the  height  region  120  to  l^iO  km),  although  even  greater 
heights  are  possible.  This  ionization  may  or  may  not  be  followed  by  the 
generation  of  ionization  in  the  absorbing  D  region 

The  time  variation  of  the  height  at  which  solar- flare- induced 
ionization  is  released,  suggests  that  the  ionization  producing  radiant 
energy  is  initially  soft  (500  to  1000  A),  and  then  hardens  (l  to  100  A) 
as  the  flare  progresses 
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The  fact  that  T.he  frequency  or  phase  ohange  r-omes  invariably  prior 
10  ti.e  signal  loss  shows  that  it  sould  conceivably  be  used  to  warn  of 
•  apending  signal  loss  in  modern  h-f  eonasunicatior.  systems,  affording 
continuous  feedback  of  propagation  conditions  over  the  path. 

The  short-lived  frequency  variations  caused  by  ionization  changes 
due  to  solar- induced  radiation,  however,  should  be  distinguished  from 
a  s:a:lar  .ki.nd  that  is  observed  during  sudden  commencements  or  sudden 
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tua-:cns  of  the  geomagrtetic  field  These  snort-lived  variations 
propo!-tio.vally  vitj.  the  opera- ing  frequency  and  affect  the  dlf- 
...Owv..  (.  e..  crlinary  an-s  extraordinary)  by  different  amounts, 
in^quenry  spii-ting  is  ohsorv-d  during  Ux-sc  flueiuai  ions  which 
ocse.-vei  during  the  .colar- flare- jndu-ed.  :or. ! zat ion-char.gc  fro- 


q..<n“y  si.  if  is 
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